


GLOBAL TEMPERATURE CHANGE SINCE 1850
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 OBSERVED EXPECTED AND TEMPERATURE 
CHANGE OVER THE TWENTIETH CENTURY
Expected warming for forcing by long-lived greenhouse gases only
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Observations: Climatic Research Unit, East Anglia, UK

Expected increase equals or exceeds 2 degree threshold. 

Expected
Range

 Observed



2009 COPENHAGEN ACCORD AGREES ON 
2˚C MAXIMUM TEMPERATURE RISE 

The Heads of State, Heads of Government, Ministers . . . present at the 
United Nations Climate Change Conference 2009 in Copenhagen: 

Albania, Algeria, Armenia, Australia, Austria, . . . [106 countries]  
. . . , United States of America, Uruguay and Zambia, have agreed 
on this Copenhagen Accord. . . .  

We underline that climate change is one of the greatest challenges of 
our time. We emphasise our strong political will to urgently combat 
climate change. . . . 

To . . . stabilize greenhouse gas concentration in the atmosphere 
at a level that would prevent dangerous anthropogenic 
interference with the climate system, we shall, recognizing the 
scientific view that the increase in global temperature should be 
below 2 degrees Celsius . . . enhance our long-term cooperative 
action to combat climate change.  
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4  DEGREES OF SEPARATION  
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2 Degrees is half of an ice age – BUT, in the other direction!



KEY QUESTION 
• How much more CO2 can be emitted 

without committing Earth to a 
temperature increase of 2 ˚C above 
preindustrial? 



Anthropogenic

SO2
NOx

Natural

Wet  Deposition

Dr
y 

De
po

sit
io

n

Dr
y 

De
po

sit
io

n

SOURCES

RECEPTORS

Gaseous 
pollutants in 
atmosphere

 
 

Acids  
in cloud water 

and  
precipitation

Sulfates
Nitrates

Aerosol

196th Brookhaven Lecture
January 26, 1983
Both Sides Now – 
     The Chemistry of Clouds

Acid Rain
Chemistry



1987

g

Planktonic food web
aq

Temperature

Albedo

Dimethylsulfide

Figure modified from Simo, Trends in E & E, 2001

Sulfate 
aerosol

Dimethylsulfide

Solar radiation



1988

Anthropogenic SO2 emissions exceed marine emissions of 
dimethylsulphide globally and are confined largely to the Northern 
Hemisphere.

Concentrations of sulphate in aerosol, precipitation and ice cores at 
remote locations in the NH and SH are substantially greater throughout 
the NH than in remote SH locations.

No influence of SO2 emissions is found either in the present cloud 
component of planetary albedo or in 100-year temperature records.



SES with ROBERT CHARLSON 
Tegernsee, Germany, 1990 
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DIRECT AND INDIRECT RADIATIVE INFLUENCES OF AEROSOLS
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THE GREENHOUSE EFFECT

Global average temperature 14˚C or 57 ˚F

Global average temperature -18˚C or 0 ˚F



ATMOSPHERIC
RADIATION

Power per area

Unit:
Watt per square meter
W m-2

Photo: S. E. Schwartz
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RADIATIVE FORCING 
 

 

An externally imposed change in Earth’s radiation 

budget, W m-2. 
 

 

Working hypothesis: 

 On a global basis radiative forcings are additive  

and interchangeable.   
 

 

 

   
 

  

   



CO
2

co
nc

en
tra

tio
n 

(p
pm

)

180
200
220
240
260
280
300
320
340
360
380

800 1000 1200 1400 1600 1800 2000

Law Dome
Adelie Land
Siple
South Pole

ATMOSPHERIC CARBON DIOXIDE IS INCREASING

Global carbon dioxide concentration over the last thousand years

Antarctic ice cores

400

 0
 0.2
 0.4
 0.6
 0.8
 1.0
 1.2
 1.4
 1.6
 1.8 Forcing, W

 m
-2



CLIMATE FORCINGS OVER THE
INDUSTRIAL PERIOD
Extracted from IPCC AR4 (2007)

3210-1-2
Forcing, W m-2

CO2 CH4
CFCs

N2O
Long Lived

Greenhouse Gases

Greenhouse gas forcing is considered accurately known.
Gases are uniformly distributed; radiation transfer is well understood. 
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HOW MUCH WARMING IS EXPECTED?
Steady-state change

in global mean
surface temperature

= Climate
sensitivity Forcing

T S F

S is equilibrium  sensitivity. Units: K/(W m-2)

Sensitivity is commonly expressed as 

T S F2 2

where F2  is the “CO2 doubling forcing” ca. 3.7 W m-2.

2 doubling temperature”“CO



T S F



CLIMATE SENSITIVITY ESTIMATES
THROUGH THE AGES

Estimates of central value and uncertainty range from major
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ESTIMATES OF EARTH’S CLIMATE SENSITIVITY
AND ASSOCIATED UNCERTAINTY

Major national and international assessments and current climate models

19 IPCC AR4 Models
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Current estimates of Earth’s climate sensitivity are centered about a CO2
doubling temperature T2  = 3 K, but with substantial uncertainty.

Range of sensitivities of current models roughly coincides with IPCC
“likely” range.
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?? QUESTION ??
• Why is there such a large range of 

sensitivities in current climate models 
and why hasn’t this situation improved 
much in thirty years?

ANSWER
• This is a really tough scientific problem!





HOW MUCH WARMING IS EXPECTED?
For increases in long-lived greenhouse gases (CO2,

CH4, N2O, and CFCs) over the industrial period

F 2.8 W m-2

Expected temperature increase:

Texp
F

F2
T2

2.8
3.7

3 K = 2.3 K

Observed temperature increase:
Tobs 0.8 K

Warming
Discrepancy



OBSERVED AND MODELED WARMING
Ensemble of 58 model runs with 14 global climate models

“ Simulations that incorporate anthropogenic forcings, including increasing
greenhouse gas concentrations and the effects of aerosols, and that also
incorporate natural external forcings provide a consistent explanation of the

observed temperature record.

IPCC AR4, 2007

Observations
Climate models
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“ These simulations used models with different climate sensitivities, rates of

ocean heat uptake and magnitudes and types of forcings.
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From Forcing by Long-lived Greenhouse Gases
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AEROSOL IN MEXICO CITY BASIN

Photo: Berk Knighton



.

AEROSOL IN MEXICO CITY BASIN

Light scattering by aerosols decreases absorption of solar radiation

Photo: Berk Knighton
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FIELD PROJECTS TO STUDY AEROSOL PROPERTIES AND EVOLUTION
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AEROSOL OPTICAL DEPTH AT ARM SGP
Fifteen years of daily average AOD in North Central Oklahoma

Michalsky, Denn, Flynn, Hodges, Kiedron, Koontz, Schlemmer, Schwartz, JGR, 2010

Green curve, locally weighted smooth fit, shows summertime maximum.
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ESTIMATES OF AEROSOL DIRECT FORCING
By radiation transfer modeling
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Global average sulfate optical depth is 0.03: 1 W m-2 cooling forcing.
Continental U. S. typical aerosol optical depth is 0.1: 3 W m-2 cooling forcing.
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CLIMATE FORCINGS OVER THE 
INDUSTRIAL PERIOD  
Extracted from IPCC AR4 (2007) 

3210-1-2
Forcing, W m-2

CO2 CH4
CFCs

N2O
Long Lived

Greenhouse Gases
Tropospheric

Aerosols
Direct
Effect

Cloud Albedo
Effect

Aerosols exert a negative (cooling) forcing, opposite to greenhouse gases. 



CLIMATE FORCINGS OVER THE 
INDUSTRIAL PERIOD  
Extracted from IPCC AR4 (2007) 

3210-1-2
Forcing, W m-2

CO2 CH4
CFCs

N2O
Long Lived

Greenhouse Gases
Tropospheric

Aerosols
Direct
Effect

Cloud Albedo
Effect

Aerosols exert a negative (cooling) forcing, opposite to greenhouse gases. 
Aerosols are heterogeneous in space, time, composition, and size.  

Uncertainty in aerosol forcing is much larger than uncertainty in 
greenhouse gas forcing.
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CLIMATE FORCINGS OVER THE 
INDUSTRIAL PERIOD  
Extracted from IPCC AR4 (2007) 

3210-1-2
Forcing, W m-2

CO2 CH4
CFCs

N2O
Long Lived

Greenhouse Gases
Tropospheric

Aerosols
Direct
Effect

Cloud Albedo
Effect

Total Forcing

Aerosol forcing may offset much of the greenhouse gas forcing.  
Uncertainty in total forcing is dominated by uncertainty in aerosol 

forcing.
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CORRELATION OF FORCING AND
SENSITIVITY IN CLIMATE MODELS

18 IPCC 2007 climate models
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After Kiehl (2007); data from Forster and Taylor (2006)

To reproduce observed 20th century temperature increase, models with 
low sensitivity employed large forcing, and vice versa. 

IPCC 2007
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AS MUCH AS EXPECTED. . .

FROM FORCING BY LONG-LIVED 
GREENHOUSE GASES?

• Uncertainty in greenhouse gas forcing.
• Countervailing natural cooling over the industrial period.
• Lag in reaching thermal equilibrium. 
• Countervailing cooling forcing by aerosols. 
• Climate sensitivity lower than current estimates.

about 20 % of 
the discrepancy

WHY HAS EARTH NOT WARMED

SES?



?? QUESTION ?? 
• Why is resolving this so important? 
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?? QUESTION ?? 
• Why is all this so important?

KEY QUESTION
• How much more CO2 can be emitted 

without committing Earth to a 
temperature increase of 2 C above 
preindustrial?
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